Ghrelin plays a key role in appetite, energy homeostasis, and glucose regulation. Recent evidence suggests ghrelin suppresses inflammation in obesity; however, whether this is modulated by the acylated and/or des-acylated peptide is unclear. We used mice deficient in acylated ghrelin [ghrelin octanoyl-acyltransferase (GOAT) knockout (KO) mice], wild-type (WT) littermates, and C57BL/6 mice to examine the endogenous and exogenous effects of acyl and des-acyl ghrelin on inflammatory profiles under nonobese and obese conditions. We demonstrate that in the spleen, both ghrelin and GOAT are localized primarily in the red pulp. Importantly, in the thymus, ghrelin was predominantly localized to the medulla, whereas GOAT was found in the cortex, implying differing roles in T cell development. Acute exogenous treatment with acyl/des-acyl ghrelin suppressed macrophage numbers in spleen and thymus in obese mice, whereas only acyl ghrelin increased CD3+ T cells in the thymus in mice fed both chow and a high-fat-diet (HFD). Consistent with this result, macrophages were increased in the spleen of KO mice on a HFD. Whereas there was no difference in CD3+ T cells in the plasma, spleen, or thymus of WT vs KO mice, KO chow and HFD-fed mice displayed decreased leukocytes. Our results suggest that the acylation status affects the anti-inflammatory properties of ghrelin under chow and HFD conditions. (Endocrinology 158: 2179(Endocrinology 158: -2189(Endocrinology 158: , 2017 
G
hrelin is a peptide hormone produced mainly in the stomach and is primarily involved in food intake, energy homeostasis, and glucose regulation. It is the endogenous ligand for the growth hormone (GH) secretagogue receptor 1a (GHS-R1a), regulating GH release (1, 2) . To perform most of its physiological functions, proghrelin is acylated on its third serine residue in the endoplasmic reticulum and packaged to mature acyl ghrelin in the Golgi apparatus. Ghrelin octanoylacyltransferase (GOAT) is the enzyme responsible for acylating ghrelin (3, 4) , which is necessary to bind GHSR1a and promote GH secretion, body weight, appetite, motivation, and blood glucose (5) (6) (7) (8) . After release into the blood stream, acyl ghrelin is readily processed to des-acyl ghrelin by a number of esterases including protein thioesterase (9) or by butyrylcholinesterase (10, 11) .
Des-acyl ghrelin does not bind to GHS-R1a, although a number of studies suggest it has physiological roles in insulin secretion, osteoblast growth, neuronal cell proliferation, the stress axis (12) , and lipid accumulation (13) (14) (15) (16) , independent from the GHS-R1a.
Des-acyl ghrelin is also thought to antagonize the role of acyl ghrelin in glucose homeostasis as well as sharing functions in cardiovascular and antiproliferative pathways (17, 18) . In the central nervous system, ghrelin functions to convey a signal of negative energy balance from the body to the brain to initiate a number of behavioral and physiological changes that promote weight regain, blood glucose production, neuroprotection, and anxiolytic effects (19) (20) (21) (22) (23) (24) . However, the effect of ghrelin in the body and brain go far beyond metabolic processing, and it is becoming clearer that acyl ghrelin plays an important role in modulating an appropriate inflammatory response. Real-time (RT) polymerase chain reaction (PCR) analysis has revealed ghrelin messenger RNA (mRNA) expression in human lymph nodes, spleen, and thymus (25, 26) , and GHS-R and ghrelin are expressed in human T lymphocytes and monocytes (25) . In a murine model of colitis, ghrelin attenuated the inflammatory and autoimmune response, restoring immune tolerance and helping treat Crohn's disease, rheumatoid arthritis, and multiple sclerosis (27) . Specifically, ghrelin administration suppresses mRNA levels of proinflammatory cytokines such as tumor necrosis factor (TNF)-a, interleukin (IL)-1b, and IL-6.
Any anti-inflammatory effect of des-acyl ghrelin remains unknown even though it is found in the plasma in at least three times higher concentrations than acyl ghrelin. In addition, it has recently been documented that patients with nonalcoholic steatohepatitis exhibited twofold higher concentrations of des-acyl ghrelin than patients with alcoholic steatohepatitis (28) . In this study, we have examined whether ghrelin or des-acyl ghrelin exhibit differential effects on the immune system and inflammatory markers. To do this, we used exogenous administration of acyl or des-acyl ghrelin peptides to wild-type (WT) mice and examined the phenotype of GOAT knockout (KO) mice, which have no acyl ghrelin but high levels of des-acyl ghrelin (23) .
The neuroendocrine ghrelin system is suppressed in an obese state in both humans and mouse models (24, 29, 30) . This effect is predominantly due to reduced ghrelin secretion into the blood and reduced GHS-R sensitivity to circulating ghrelin, at least in the brain, resulting in ghrelin resistance (24, 29, 30) . Indeed, obesity is often associated with both acute and chronic inflammation and because plasma ghrelin is reduced during obesity, a lack of ghrelin signaling or a change in the ratio of acyl to desacyl in such conditions may exacerbate the inflammatory response (31, 32) . We therefore also examined how obesity affected the function of acyl and des-acyl ghrelin in the immune system and on inflammation.
Materials and Methods

Animals
Naïve C57BL/6 (C57BL/6) mice (6 to 7 weeks old, male) were housed in shared cages (five mice per cage) in the Animal Research Laboratory at Monash University and maintained at a 12-hour light/dark cycle (6 AM to 6 PM) at 22°C with free access to food and water. Mice were randomly allocated to receive either a chronic high-fat diet (HFD; 43% of calories from fat, Specialty Feeds, SF04-001) or a chow diet (9% of calories from fat, Barastoc/Specialty Feeds, 8720610/5001) for over 16 weeks. GOAT 2/2 (KO) mice and littermates (WT) on a C57BL/6 background (6 to 7 weeks old, male) were housed (three mice per cage) at a 12-hour light/dark cycle (6 AM to 6 PM) at 22°C with free access to food and water. They were also randomly allocated to either a HFD or chow diet for 7 weeks. Body weights were recorded on a weekly basis. All mice were euthanized by isoflurane, and the blood, spleen, and thymus of both the C57BL/6 and WT/KO mice cohort were perfused and removed for fluorescent-activated cell sorting (FACS) analysis or histology. This was repeated in a different cohort of C57BL/6 mice (aged 6 to 7 weeks) fed a chow or HFD; however, tissue was gathered by fresh tissue collection for PCR analysis.
The KO mice were generated using Velocigene technology. The GOAT gene sequence (ATG-stop) was replaced with a LacZ reporter gene using the target vector, bacterial artificial chromosome (23) . These mice originated from C57BL/6/129-targeted embryonic stem cells, and mice were backcrossed onto a C57BL/6 mice background. All experiments were performed with the approval of the Animal Ethics Committee.
Immunohistochemistry (fluorescence)
The spleen and thymus of KO and WT mice were fixed and embedded in paraffin. Sections were then incubated with the primary antibody rabbit antighrelin (1:1000 dilution, Phoenix, H03131). The secondary antibody goat anti-rabbit conjugated to Alexa 488 (1:400, Invitrogen, A11003) was then added and mounted using the fluorescent mounting medium 4 0 ,6-diamidino-2-phenylindole (Dako, S3023). This protocol was repeated for GOAT expression with the exception of using the primary antibody chicken anti-b-galactosidase antibody (1:1000 dilution, Sigma Life Sciences, GW20071F). b-Galactosidase is the product of the LacZ reporter gene used to replace the GOAT sequence in KO mice. The corresponding secondary antibodies used were goat anti-mouse conjugated to Alexa 488 (1:400 dilution, Life Technologies, A11001) and goat anti-chicken conjugated to Alexa 488 (1:400 dilution, Invitrogen, A11039). Positive controls used were stomach tissue (the main site of ghrelin production) and negative controls used were no primary antibody controls or WT mouse tissue (no LacZ expression).
Real-time quantitative PCR
RNA from the spleen and thymus of C57BL/6 mice on HFD or chow diet was isolated and purified using TRIzol reagent and DNase. Complementary DNA (cDNA) was generated from 1 mg RNA using the iScript cDNA Synthesis Kit for RT quantitative PCR (170-8891, Bio-Rad Laboratories, Hercules, CA). All samples were then incubated in a C1000 thermal cycler (Bio-Rad Laboratories) with the following conditions: 5 minutes at 25°C, 30 minutes at 42°C for reverse transcription, and 5 minutes at 85°C for reverse transcription inactivation.
Real-time quantitative PCR was performed using SybrGreen Fast Gene Expression Assay with primers for ghrelin (forward ACCCAGAGGACAGAGGACAA; reverse TCGA-AGGGAGCATTGAACCTG), MBOAT4 (GOAT; forward GACAGTGGGCCTCACATTCA; reverse GAGAAAGA-GGTACCTGGCCC). GHS-R (forward GCTGCTCACCGT-GATGGTAT; reverse ACCACAGCAAGCATCTTCACT), IL-1b (forward AGGAGAACCAAGCAACGACA; reverse CTTGGGATCCACACTCTCCAG), IL-6 (forward GTGG-CTAAGGACCAAGACCA; reverse TAACGCACTAGGT-TTGCCGA), and TNF-a (forward CGTCGTAGCAAACCA-CCAAG; reverse TTGAGATCCATGCCGTTGGC), and b-actin (forward CCAGATCATGTTTGAGACCTTC; reverse CATGAGGTAGTCTGTCAGGTCC) was used as a housekeeping gene for normalization.
cDNA was amplified by a Real Plex4 Mastercycler (Eppendorf, Hamburg, Germany) following PCR thermal cycling conditions: a temperature hold step at 50°C for 2 minutes, another temperature hold step at 95°C for 10 minutes, followed by 40 cycles of denaturation at 95°C for 15 seconds and annealing/extension at 60°C for 1 minute allowing quantification.
Blood chemistry
Blood samples were obtained by terminal cardiac puncture under isoflurane anesthesia. Plasma IL-1b, TNF-a, and IL-6 were determined by multiplexed bead assay (Bio-Plex Pro mouse cytokine assay, Bio-Rad) using the MAGPIX instrument (Luminex).
Dual-energy-X-ray absorptiometry
Body composition was measured using a dual-energy x-ray absorptiometry scanner on C57BL/6 mice at 12 weeks on the diet (4.2 months old) and WT and KO mice at 6 weeks on the diet (3.2 months old). Scans were then analyzed using PIXImus2 software.
Oral glucose tolerance test and insulin tolerance test
Glucose tolerance and insulin sensitivity were assessed in C57BL/6 mice at 16 weeks on the diet and in WT and KO mice at 6 weeks on the diet. Mice were fasted for 4 hours and then dosed orally with 2 g/kg glucose solution for the oral glucose tolerance test (GTT). Blood glucose was recorded from the tail blood at 0, 30, 60, and 120 minutes after the glucose bolus. For insulin tolerance test (ITT), mice were fasted for 4 hours and injected intraperitoneal with 0.75 UI/kg of insulin. Blood glucose was recorded from the tail blood at 0, 15, 30, 60, and 120 minutes after the insulin bolus.
Acyl, des-acyl, and saline administrations in C57BL/6 mice The effect of exogenous acyl and desacyl ghrelin administration was assessed in nonfasted C57BL/6 mice by randomly selecting 15 mice on HFD and 15 mice on chow to receive an acute intraperitoneal injection of either acyl, des-acyl ghrelin, or saline at 1 mg/kg. One hour after administration, mice were culled and the blood, spleen, and thymus were processed for FACS analysis.
FACS
Blood (treated with 800 U/mL of heparin), spleen, and thymus of both C57BL/6 and WT and KO mice were collected; red blood cells were lysed; and samples were treated with trypan blue, where the number of live cells were recorded by a Countess Automated Cell Counter (Invitrogen, C10281). A concentration of 10 6 cells/100 ml was used per well. Samples were firstly incubated with aqua live/dead cell viability stain (L34957, Life Technologies, 1:1000). The antibodies-APC anti-mouse CD3 (100312, Biolegend, 1:200), BV605 anti-mouse CD4 (100548, Biolegend, 1:200), PE/Cy7 anti-mouse F4/80 (123113, Biolegend, 1:1000), A700 anti-mouse CD45 (103128, Biolegend, 1:200), Perc/P Cy5.5 anti-mouse CD8a (100734, Biolegend, 1:200), and BV421 anti-mouse CD11b (101235, Biolegend, 1:500)-were then added. After incubating overnight, samples were processed on the flow cytometer machine (LSR-IIa cell analyzer, BD Bioscience) at the FlowCore facility (Monash University). Data were analyzed using FlowJo software (FlowJo vX 10.0.7 for Windows 7) for individual amounts of leukocytes, macrophages, CD3+, CD4+, CD8+, CD4+CD8+, and CD4-CD8-T cells in the blood, spleen, and thymus of WT and KO and C57BL/6 mice.
Statistical analysis
Data are presented as mean 6 standard error of the mean, where error bars also indicate standard error of the mean. Statistical analysis was carried out using unpaired Student's t test or two-way analysis of variance (repeated measures for GTTs and ITTs) followed by Tukey's post hoc test (P , 0.05, P , 0.01, P , 0.001, and P , 0.0001).
Results
Ghrelin and GOAT are localized in the spleen and thymus
We first examined localization of ghrelin in the primary and secondary lymphoid organs, thymus, and spleen in WT and KO mice, using standard immunohistochemistry techniques. Ghrelin was found predominantly in the red pulp of the spleen and medulla of the thymus [ Fig. 1(A) , 1(Ci), and 1C(ii)]. The white pulp was defined by dark, spheroidal shapes in the spleen and the red pulp was defined by the extracellular area of connective tissue surrounding the white pulp. To identify the extent of GOAT expression in the same tissues we used the LacZ reporter gene driven from the endogenous promoter in KO mice. b-Galactosidase staining in tissues taken from KO mice showed GOAT was localized primarily in the red pulp of the spleen and to the cortical region of the thymus [ Fig. 1(B)  and 1(D) ]. Staining specificity was confirmed by multiple methods [3, 3 0 -diaminobenzidine, fluorescence, Supplemental Fig. 1(A) and 1(D) ], various negative controls by omitting primary antibody [Supplemental Fig. 1(B) , 1(C), and 1(E-G)] and positive control tissues such as immunolabeled ghrelin and GOAT in the stomach [ Fig. 1 (E) and 1(F)].
HFD increases body weight and fat distribution and induces insulin resistance and glucose intolerance
To examine how acyl and des-acyl ghrelin affect immune function during obesity, both C57BL/6 and WT and KO mice were placed on a HFD. We measured changes in body weight, fat and lean mass, bone mineral density, and insulin and glucose tolerance to confirm metabolic dysfunction in HFD mice. HFD significantly increased body weight; total, fat and lean mass; percentage fat; and bone mineral density/ content in C57BL/6 mice [Supplemental Fig. 2(A-D) ]. HFD also significantly worsened blood glucose levels and induced insulin resistance [Supplemental Fig. 2(E-F) ]. In WT and KO mice, HFD again significantly increased body weight; total, fat, and lean mass; percentage fat; and bone mineral density/content, with no genotype effect [Supplemental Fig. 3(A-D) ]. Glucose tolerance was significantly worsened in HFD WT mice only [Supplemental Fig. 3(E) ], consistent with studies showing that inhibiting GOAT activity improves glucose tolerance in mice (33) . Insulin resistance, as assessed by ITTs was induced in both HFD WT and HFD KO mice [Supplemental Fig. 3(F) ].
HFD affects ghrelin, GOAT, and GHS-R expression in the thymus
HFD caused a trend toward decreased ghrelin and GHS-R in the thymus [P = 0.2 and P = 0.07, respectively; Fig. 2 (B) and 2(F)], which is consistent with a downregulation of ghrelin system during obese states (24) . However, thymic GOAT expression significantly increased under HFD conditions [ Fig. 2(D) ], suggesting that obesity has differential effects on GOAT, ghrelin, and GHS-R gene expression. There were no significant differences of ghrelin, GOAT, or GHS-R in the spleen [ Fig. 2(A) , 2(C), and 2(E)].
Effects of exogenous acyl/des-acyl ghrelin on immune cell profiles of C57BL/6 mice fed a chow/HFD
To determine the effect of acyl ghrelin or des-acyl ghrelin on immune function, we treated chow and HFD mice with acute acyl or des-acyl ghrelin and examined various immune cell populations by FACS from the blood, spleen, and thymus. There were no significant differences obtained among all immune cell profiles in the blood (Supplemental Fig. 4 ). Diet and treatment significantly affected the percentage of macrophages in both spleen [ Fig. 3(A) ] and thymus [ Fig. 4(A) ]. In the spleen, HFD significantly increased the percentage of macrophages; however, both acyl and des-acyl ghrelin administration significantly decreased percentage of macrophages in comparison with the saline control (P , 0.01 and P , 0.0001, respectively). No significant changes were seen in CD3+, CD4+, or CD8+ T cell populations in the spleen [Fig 3(B-D) ]. A similar pattern was observed in the thymus, in which HFD significantly increased percentage of macrophages [ Fig. 4(A) ]. In both chow and HFD conditions, acyl ghrelin reduced the percentage macrophages; however, only des-acyl ghrelin reduced macrophages in HFD conditions [ Fig. 4(A) ; P , 0.01]. Conversely, acyl ghrelin but not des-acyl ghrelin increased the percentage of CD3+ T cells in the thymus under both chow and HFD conditions [ Fig. 4(B) ; P , 0.05]. No significant changes were seen in CD4+ and CD8+ T cells in the thymus [Fig. 4(C) and 4(D) ].
Effects of diet on the blood, spleen, and thymus of WT and KO mice
We have observed specific effects of acute acyl or desacyl ghrelin injection on immune cell profiles, suggesting that acylation status may play an important role on ghrelin's ability to dampen immune function. To test this idea in a prolonged chronic setting, we used GOAT KO mice, which have no acyl ghrelin and chronically high des-acyl ghrelin. In the blood, there was an overall effect of genotype to decrease the percentage of leukocytes in KO mice In the spleen, HFD increased macrophages (main effect of diet), and this was significantly higher in KO compared with WT mice on HFD [P , 0.05; Fig. 6(A) ], whereas in the thymus, both diet and genotype increased the percentage of macrophages [P , 0.01; Fig. 6(B) ]. In both the spleen and thymus, there were no differences in CD3+, CD4+ or CD8+ T cells (Supplemental Fig. 5 ).
Effects of exogenous acyl/des-acyl ghrelin on proinflammatory and anti-inflammatory cytokine levels
Because acyl ghrelin decreased the percentage of macrophages, we next 
Discussion
The gut peptide ghrelin has received most attention as a regulator of metabolic events through centrally expressed GHS receptors; however, there is strong evidence of an association with inflammation and a critical role in the regulation of immune cell function (25, 34) . Ghrelin is expressed and secreted by resting and activated T cells (25) , and its expression declines in the thymus with age (35) . The expression of GHS-R on human T lymphocytes and monocytes is well established, as is the action of ghrelin to inhibit splenic T cells proliferation (36) and proinflammatory cytokine expression in various cell types (25, 34, 37) . Consistent with previous studies, we show cellular expression profile of ghrelin in immunologically relevant organs but also extend this to the expression of the ghrelin-specific acyltransferase, GOAT, and provide further evidence of a role for acyl and des-acyl ghrelin acylation in immune function (25, 38, 39) . Although previous studies suggest a specific function for ghrelin on immune effector cells (25, 34, 37) , we provide data that suggest a broader role of both circulating forms of ghrelin (acyl and des-acyl) and additionally show a high level of staining for both ghrelin and GOAT (via b-galactosidase) in the spleen and thymus. Within the spleen, both ghrelin and GOAT were localized to the red pulp, suggesting a role in removal of foreign material and possibly hematopoietic and macrophage function. A single study has assigned some hematopoiesis activity to ghrelin, reporting an increase in both hematocrit and red blood cell count (40) . This was attributed to either a direct effect of ghrelin on bone marrow or indirect effects through adrenocorticotrophic hormone and GH secretion; however, direct splenic ghrelin expression may also be involved, although this requires additional investigation. Both RT-PCR and immunofluorescent detection of ghrelin and GOAT in the spleen support findings by Lim and colleagues (41) , who discovered the spleen to be one of the organs with a high expression of GOAT.
Surprisingly, in the thymus, we found a divergence between ghrelin and GOAT staining: ghrelin was found predominantly in the medulla, whereas GOAT was only present in the cortex. Moreover, in HFD conditions, expression of ghrelin, GOAT, and the ghrelin receptor, GHS-R, differ in the thymus but not the spleen. The presence of GOAT in the cortex of the thymus suggests that GOAT may play a role in modulating peptides involved in the regulation of thymocyte development and Results expressed as mean 6 standard error of the mean with P values obtained using a two-way analysis of variance followed by Tukey's post hoc test. *P , 0.05; **P , 0.01; ***P , 0.001; ****P , 0.0001. immune cell function. Finally, within the thymus, acyl ghrelin increased CD3+ T cells, whereas the selective absence of acyl ghrelin (GOAT KO mice) decreased percentage of leukocytes. These results would support a role for acyl ghrelin to regulate leukocytes to ultimately recognize pathogens and prevent infection, in line with previous studies (25, 34, 35, 42) .
It has been shown previously that dietary stressors such as a HFD impact the immune system (39, 43) . We therefore sought to determine if the effects of both acute and chronic acyl and des-acyl ghrelin in immune cell function were modulated by nutritional status. In the spleen and thymus, there was an effect of treatment, diet, and genotype, whereby acyl ghrelin and des-acyl ghrelin administration decreased the percentage of macrophages in HFD-fed mice in comparison with control saline administration (effect of treatment). Also, HFD mice treated with saline or acyl ghrelin displayed an increased percentage of macrophages in comparison with chow-fed mice treated with saline or acyl ghrelin (effect of diet).
Finally, mice on the HFD increased macrophage numbers in comparison with WT and KO mice on the chow diet (effect of diet). KO mice fed a HFD displayed a higher percentage of macrophages in the spleen compared with WT mice on HFD (effect of genotype). This indicates that although diet contributed to the inflammation induced in obese states, acute treatment of acyl and des-acyl ghrelin helped dampen this process by downregulating macrophage levels. Obesity is commonly associated with inflammatory disease, whereby metabolic dysfunction, such as insulin resistance, has been identified in sepsis and inflammatory diseases including rheumatoid arthritis (44, 45) . One main feature of inflammation is increased infiltration of macrophages and proinflammatory cytokines. Therefore, it is not surprising that HFD-fed C57BL/6 and WT and KO mice were accompanied with an increased percentage of macrophages. Recently, the ghrelin receptor, GHS-R, has been shown to play an important role in macrophage polarization and adipose tissue inflammation during aging (32) . Furthermore, the trend toward decreased mRNA expression of IL-6, TNF-a, and IL-1b under HFD conditions in the spleen and thymus with acute acyl/des-acyl ghrelin treatment further supports the anti-inflammatory effects of ghrelin. However, future studies would benefit to confirm this effect.
The role of acyl ghrelin in immune function was further confirmed in GOAT KO (lacking acyl ghrelin) mice on HFD, as they exhibited a decrease in the percentage of leukocytes in the blood compared with WT mice on HFD. KO mice also displayed a trend toward decreased percentage of CD3+ T cells in the blood compared with WT mice on chow and HFD, implying a role for acyl ghrelin in T cell activation. This trend was also seen in the thymus, where the percentage of CD3+ T cells decreased between genotypes and diet. This is consistent with previous reports showing acyl ghrelin inhibits proliferation of splenic T cells when costimulated by an anti-CD3 monoclonal antibody (35, 36) . Therefore, because KO mice have four times higher des-acyl ghrelin levels, this may imply that acyl ghrelin plays a role in enhancing T cell activation; des-acyl ghrelin may act in opposite to decrease T cell activation. Further supporting https://academic.oup.com/endothis, acyl ghrelin increased the percentage of CD3+ T cells in the thymus of C57BL/6 WT mice. The differences between macrophages in KO vs WT mice may be explained by the well-documented anti-inflammatory role of acyl ghrelin, because KO mice lack acyl ghrelin (25, 42, 44) . Indeed, Dixit and colleagues (25) found that knockdown of ghrelin in activated T cells increased the secretion of proinflammatory cytokines TNF-a, IFN-y, IL-2, and IL-17 (35) . However, acute des-acyl ghrelin treatment to HFD C57/BL6 mice reduced macrophage number in both the thymus and spleen and therefore we might predict that the high levels of des-acyl ghrelin in KO mice would equally suppress spleen macrophage number on a HFD. As noted above, KO mice on a HFD had significantly higher macrophage number than WT mice on HFD, the exact opposite of that predicted by des-acyl ghrelin administration experiments. It remains possible that chronic high levels of des-acyl ghrelin, as seen in KO mice, induces a proinflammatory response compared with acute des-acyl ghrelin, which produces an anti-inflammatory response. Alternatively, GOAT in the spleen may be required to acylate additional substrates that regulate macrophage production.
Although acute ghrelin treatment and chronic GOAT deletion resulted in mostly consistent effects on immune cell levels, GOAT deletion independently of exogenous acyl/des-acyl administration affected plasma leukocytes, suggesting that GOAT may acylate substrates other than ghrelin, an idea that has also been postulated in the stress axis (12) .
Ghrelin was initially reported as an immune enhancing factor; studies by Koo et al. (46) demonstrated that ghrelin treatment reduced tumor development by increasing cytotoxic lymphocytes. Recently, ghrelin has been found to be immunosuppressive both in vitro and in vivo. Dixit et al. (25) demonstrated the anti-inflammatory function of ghrelin against T cells and macrophages in vitro. Ghrelin decreased proinflammatory cytokine levels associated with several disease states, such as inflammatory bowel disease (27) , arthritis (47, 48) , sepsis, and endotoxemia in vivo (47, 49, 50) .
Also, Theil et al. (51) used an animal model of multiple sclerosis to show that exogenous administration of ghrelin suppressed experimental autoimmune encephalomyelitis. Proinflammatory cytokines were also reduced in the microglia of the spinal cord. Microglia are resident macrophage cells and are the first line of active immune defense in the central nervous system, derived from hematopoietic cells (52) . Lee and Yune (53) also showed that ghrelin treatment inhibited oligodendrocyte cell death by decreasing pro-NGF and ROS production as well as p38MAPK and JNK activation in activated microglia. Obesity involves the expansion of adipose tissue leading to inflammation via an increase in proinflammatory cytokines from macrophages. Proinflammatory cytokines can cause insulin resistance in adipose tissue, skeletal muscle, and liver by inhibiting insulin signal transduction, thus leading to associated diseases such as diabetes and metabolic syndrome. Therefore, the effect of ghrelin on inflammation is important in reducing the pathogenesis of obesity and diabetes (54) .
The exact mechanism by which the ghrelin/GOAT system affects the immune system remains to be defined. Many studies suggest ghrelin permits its antiinflammatory effects through the vagus nerve, suppressing sympathetic nerve activity (50, 55, 56) . Some propose that ghrelin acts on the immune system in an autocrine/ paracrine way and indirectly via GH, as GH has shown to improve the development of B cells and antibodies (39, 57, 58) . Other studies demonstrated acyl ghrelin acts indirectly by blocking nuclear factor kB and/or STAT3 activation (49, 59, 60) , or directly on cytokine mRNA transcription and translation as well as thymic size and cellularity, because it did not affect insulin-like growth factor-1 levels (36). Results are expressed as mean 6 standard error of the mean with P values obtained using a two-way analysis of variance followed by Tukey's post hoc test. *P , 0.05; **P , 0.01; ***P , 0.001; ****P , 0.0001.
Regardless of the exact mechanisms, we show cellular expression profile of ghrelin in immunologically relevant organs and extend this to the expression of the ghrelinspecific acyltransferase, GOAT, thus providing further evidence of a role for both acyl and des-acyl ghrelin in immune function. Our results suggest that the acylation status affects the anti-inflammatory properties of ghrelin under chow and HFD conditions. Along with its role in appetite, glucose homeostasis, and neuroprotection, ghrelin provides an attractive therapeutic target in obesity and correlated immune disorders. Further studies are required to address the exact mechanisms involved.
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